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ATTENUATION OF CORPUSCULAR RADIATION THROUGH SHIELDING

SUMMARY

A survey has been made of the methods of calculating the attenuation
of radiation in matter. This presentation includes information on the
range of protons and electrons considering both ionization energy loss
and the formation of secondary radiation.

INTRODUCTION

The radiation hazards faced by manned space vehicles demand that
consideration be given to the protection of the crew. To evaluate
shielding requirements or techniques, it 1s necessary to understand
the behavior of corpuscular radiation in its passage through matter.
The purpose of this paper is to summarize the theories of attenuation
of particles in matter and the creation of secondary radiation. Con-
sideration will be given to the behavior of the proton and the electron
as primary particles. The secondary radiation problem will deal only
with the formation of X-rays and y-rays from electron Bremmstrahlung
and the formation of neutrons by proton interaction.

SYMBOLS
A atomic weight of the materlal in which the interactions
take place
c velocity of light
I kinetic energy
Ep kinetic energy of bombarding particle
E' kinetic energy acquired by an atomic electron
h Plank's constant

five-structure constant 1/137.038

I (Z) ionization potential of atoms in shielding material
approximately 12.5 Z electron volts



k col (E)

P

v

(ol/A) dx
dg(col) dE'
El
oo(rad) dE"
EI

—_— R . .
energy lost per gram cm 1in collisions with atomic

electrons = _(Q@ col
dx

mass of particle

mass of electron

Avogadro number
electronic charge

p=mv/yl- g

range of particle in any material

momentum

range of particle in some known material
classical radius of the electron

total energy U =E + mc2

atomic number of the material in which the interactions
take place

atomic number of the bombarding particle

velocity of particle relatlive to the velocity of light
B=|pc| /U

density of material
velocity of particles

probability of occurrence of a process in a material
with cross section ¢ in thickness, dx

collision or ionization cross section for shielding
material '

radiation cross section from production of secondaries
in shielding material
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DISCUSSION

Charged particles lose energy in their passage through matter
mainly by two mechanisms:

(a) Ionization or collision
(b) Emission of secondary radiation

The ionization mechanism is essentially an energy loss by collision
with the atomic electrons. If the incident radiation is X-rays, another
process called "scattering" may take place. In this process, the atomic
electrons are set in vibration by the incident X-rays and radiate
secondary X-rays at a frequency characteristic of the element bombarded.

Energy loss by secondary emission can be a consequence of the
direct interaction of the incident particle with the atomic nucleus or
the field of the nucleus.

Thus an analysis of shielding requlirements for manned space vehicles
must first conslder the range of the primary particle in the materisl,
and secondly the additional problem of any secondary particle which may
be formed and serve to increase the flux in the interior of a vehicle.

In order to determine this Information, a knowledge of certain
basic parameters is necessary; for example, cross sections for various
particles and absorption coefficients for various materials.

Cross Sections for the Collision of Charged
Particles with Atomic Electrons
(Ionization Loss)

An important consideration in obtaining the energy loss by ioni-
zation is the evaluation of the cross section of various atoms for a
particular particle. The term "cross section'" actually means the cross-
section area, but most frequently it is a measure of probability of an
interaction taking place. The following equation from reference 1 is
an example of the cross section as s measure of probability for the
collision of charged particles with atomic electrons (knock-on proba-
bilities). ILet E be the energy of the incident particle and E' be
the energy acquired by an atomic electron. If:



2 m, p2 cu
B ® =
max me2cu + mecLL 2mec2 (pec2 + mgch)%

Then the collision cross section

t
Bc{cg%) aE is:

2 2 2.
do(col) 4B _ 27z nr, me dE

3E" 52 (E)z

This is the Rutherford formula and 1s valid for all particles where

E' < E' .
- max

At larger values of E', the spin of the bombarding particle
becomes important and we have for:

Particles of mass m and spin O;

(3%) -

For particles (not electrons) of mass m and spin %

max

( gg,)autherford (1 - p° %,— )

it E+me

2
dg dg ) 2 E 1{ E
gE.T = (B_E? Rutherford x |1 - B ET . + -é- 2)
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Energy Loss by Ionlzation in Matter

(Ref. 2)

. : 0 )
Ir kcol<E) = _<d§/éx)col is the energy lost per g/cm  of material

in collisions with atomic electrons then for:

Protons:
thg(Z/A)nr 2 n om 0232
e e e 2
kcol(E) = 2 n 2 - B
B (1—B> 1(zZ)
Flectrons: (p=1)
xme
Kooy = U % nree mec2 in 5 Be - Z“
(1-%)2 (2

Cross Sections for Heavier Particles

The cross sectlons for heavier particles with mass m, spin l,
and normal magnetic moment is given by:

2
do(rad) dE' _ ) 2 _ 2(’_“3) dE' f(U’ )
! ~ e \m E'

Where

Wi

[ (U, v) = [1 + (1-v)® - (l-v)] 1n 22 i el -222

mc2 an 0.h9reA,%) v

The effects of the nuclear radius have been included. The effects
of the atomic electrons have not been inecluded.



Range of Electrons <B’> and Protons (H+)
in Matter Considering Only Collision Energy Loss

The range of the electron has been determined for several materials
and is given in figure 1" (ref. 2). For most materials, the following
empirical relationship is accurate to =5 percent, in the energy range,

5 Mev to 3 Mev (ref. 3).

2 .
Rexp (g/Eﬁ ) = 0.52E -0.09
RO = range of the electron in
a, known material
E. = energy in Mev

Reference 3 suggests that the range of heavy particles where energy
loss 1s mainly by ionization is approximately the same distance in matter
before belng stopped and that this distance is:

E
4R
R (E) = /p + R
Jg ke (E') exp

experimental

Where R is the observed range for some known energy E .
. exp exp

For a given material

A more useful empirical relationship is found in reference 2.



Texp N Py Texp
R T T A
0 exp o

Where Ro P, AO are the range dénsity‘and atomic weight for a known

substance (usually air is used). Figures 2 and 3 illustrate the effec-
tlve range of protons for several materials.

Energy Loss of Electrons by
Emission of Radlation
The slowing down of electrons in matter can be a source of secondary

X~rays. Roughly the ratio of energy lost by radiation to energy lost
by lonization is given by the following equation:

dB/dx (rad) 7 E
dE/dx (ion) ~ 800

Where E equals the electron energy in Mev and Z edquals the atomic
number of the material.

If the energy of the particle is known, the quantity of X-rays,
W, can be calculated directly from the following:

_1.98 x 107" (1.98E+2) 2
1+ 0.35 log, (%‘)—)

W



Cross Sections for the Loss of Energy
From a Charged Particle by Fmission of Radiation (ref. 2)

Electron Cross Sections.- The cross sectlion for emission of a
proton of energy B, when an electron of kinetic energy E and a total
energy U iInteracts with an atom, is effected by a number of factors.
To a great extent the effect of electrostatic fleld shielding of the
nucleus by atomic electrons determines the cross section. The parameter

y is a measure of this shielding, if 7 >>1 shielding is neglected,
if v <<} shielding is considered complete. 1In cases where
U >> 137 m_ec2 Zﬁg then complete screening is always present.

2

The cross section for U >> mc

ol(red) 98 L uz (z+ 1) r 2 2B £ (u, v)

oB’ E'

1

<

where V = and (u, v) is:

<

f(U; v) 7 >> | =‘;l+(l—v)2—§-(l—\€l 1n 22 . ﬁlﬁ_%

m C
e

1
f(U, v) ¥ =0 [1 + (1-v)° - % (l—v)] [ln 183 773 ] +—é~ (1-v)

Experimental evidence w. 2 62 Mev particles has shown these values to
be high and indicate that the cross-section value should be divided by:

2
7
1+ 0.12 (—85)



Energy Loss of Protons
by Emission of Radiation

There is very little available informetion on the production of
secondaries by proton interaction. The main interest in this area is
the possible production of neutrons (on') and gemme-rays (7). According
to reference 3, the creation of gamma-rays does not appear to be a
problem for short-term missions. This reference published a graph
obtained from the University of California Radiation Laboratory indicating
the neutron flux from bombardment of a thick copper target with fast
protons. This information is given in figure k.

CONCLUDING REMARKS

The attenuation of corpuscular radiation is accomplished mainly
by two mechanisms in matter, ionization, and the production of secondary:
radiation. Ionization accounts for the greatest attenuation in the
majority of instances. The production of secondaries can he minimized
generally by the choice of low Z number materials.

In order to assign definite values to shielding requirements, it
is necessary to have accurate cross-section data for each process.
There is a scarcity of such information for the particles of interest
for analysis of shielding requirements.
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